The aim of the present paper was to improve understanding of the rainfall dynamics in Bas-Congo and Kinshasa provinces, in Democratic Republic of Congo (DRC). The first objective of the study was achieved by analysing the spatial correlations of monthly, seasonal, annual and individual monthly rainfall amounts of Kinshasa and Bas-Congo. The second objective was achieved through investigating and quantifying the temporal trends and their spatial variations. The results demonstrated notably high average inter-station correlation of +0.63 for dry season series, followed by monthly rainfall series with an average inter-station correlation of +0.58. However, there was no station with a stable monthly rainfall regime, i.e. with mean precipitation concentration index lower than 10% (it varies between 14.2 and 21.9%). Moreover, Kinshasa experienced an increase of rainfall with an average annual rate of change of +4.59 mm/year for the period 1961-2006. The results will be helpful for efficient water resources management and for mitigating the adverse impacts of future extreme drought or flood occurrences.
Introduction
Rainfall data are still lacking in many locations in the world. Spatial and temporal characteristics of rainfall are especially important for water resources planning, management and hydrologic design in a catchment. The understanding of temporal and spatial characteristics of rainfall is required for hydrologic modelling, rainfallrunoff relationships and flood prediction especially with evidence of climate change and variability in recent years (Ngongondo et al. 2011) . Quantitative evaluation of the spatial distribution of rainfall is essential in agricultural planning, flood frequency analysis, flood hazard mapping, hydrological modelling, water resource assessments, climate change impacts and other environmental assessments (Ellouze et al. 2009 ). Many studies on the temporal and spatial characteristics of rainfall in different parts of the world have been carried out. In particular, the following recent studies describe the rainfall characteristics especially in terms of its intensity distribution in different temporal and spatial domains that are of interest to the present contribution:
-In Ngongondo et al. (2011) , most stations revealed statistically non-significant decreasing rainfall trends for annual, seasonal, monthly and the individual month from March to December at the 5% significance level. -Zhang et al. (2009) showed that spatial and temporal precipitation structure is complicated, uneven in space and time and different in different seasons. -In Varikoden et al. (2010) , it is evident that the rainfall characteristics during different seasons are markedly different, with spatial variation noticed in different seasons. -Paschalis et al. (2014) and Mandapaka et al. (2009) found that the occurrence of floods is strongly influenced by the temporal and spatial rainfall relationships.
To illustrate the motivation and past research on spatial and temporal rainfall characteristics, Shongwe et al. (2006) suggested the need for further contribution to the knowledge gap in understanding rainfall dynamics useful for decision making and improved water resources planning and management. Shi et al. (2013) investigated temporal-spatial variation characteristics of the precipitation concentration using daily precipitation datasets at annual and seasonal scales from 1960 to 2010 under climate change in the Lancang River basin; and the trends and periodicities of precipitation concentration index (PCI) by virtue of non-parametric tests and wavelet analysis. Using data from TRMM (Tropical Rain Measuring Mission) rain rate, Varikoden et al. (2010) studied the seasonal distribution of rainfall in spatial and temporal domains. They made a comparison between TRMM rain rate and rainfall data collected from the manual raingauges for different topographical regions; the results found an agreement with a coefficient of determination (R 2 ) of 0.92 for east coastal station, 0.72 for south coastal station, 0.56 for highland station and 0.4 for west coastal station. Zha et al. (2013) showed that based on the Variable Infiltration Capacity model (VIC-3L) and some general assumptions that include: spatial rainfall variability interacts with catchment characteristics to influence hydrological processes and the effects are not uniform on different water balance components. The author reported that information on rainfall spatial distribution in a catchment can help to improve water balance modelling. Ha et al. (2007) investigated the spatial and temporal structures of precipitation over the Korean Peninsula using extensive AWS (automatic weather stations) observation network data for the summertime from May to September. In China, the spatial and temporal characteristics of precipitation were tested in the studies of Zhang et al. (2014) and Zhang et al. (2008) .
In Africa, a few spatial and temporal characteristics of rainfall studies have also been reported in the literature. For example, Ngongondo et al. (2011) , investigated and analysed spatial and temporal rainfall variability using the spatial correlation function, Mann-Kendall and linear regression methods. PCI was used to investigate heterogeneity of monthly rainfall. Finally, inter-annual and intra-annual rainfall variability was tested using normalized precipitation anomaly series of annual rainfall series. In this study, spatial and temporal characteristics of rainfall over Kinshasa and Bas-Congo in Democratic Republic of Congo (DRC) are examined to understand the uncertainties of changing trends in extreme weather events. Increased knowledge of spatial and temporal characteristics of precipitation is important for water resource management as well as assessing the impacts of climate change. According to our knowledge, no study has focused on evaluating spatial and temporal characteristics of rainfall in these areas. The advantage of understanding rainfall characteristics and statistical properties of precipitation variability is that it allows the data to be scaled from one temporal resolution to another taking sparse and inadequate data in the process.
Although several studies, e.g., in Asia and Europe, have analysed the spatial and temporal characteristics of rainfall, in Africa, less attention has been given to the spatial correlations of month-to-month, seasonal (wet and dry), annual and individual months' rainfall amounts. In DRC, there are no studies on rainfall characteristics of the country due to the paucity of rainfall gauges and very few observational rainfall records. Most rainfall gauges are located in the main towns and at the hydro-power plants. Thus, this study focused on Bas-Congo and Kinshasa provinces, where there is a concentration of towns, namely Boma, Kinshasa, Inga, Matadi and Mwanda. Bas-Congo province is known for hydropower generation and agriculture, 98% of the agriculture is predominantly rainfed. Rainfed agriculture is also applied in Kinshasa, the capital of DRC. Improving the understanding of spatial and temporal characteristics of rainfall is a key to the Bas-Congo and Kinshasa economic development.
The main contribution and objective of this paper is to improve our understanding of the rainfall dynamics in Bas-Congo and Kinshasa, in DRC. The objective was achieved through: (a) analysing the spatial correlations of month-to-month (monthly hereafter), seasonal (wet and dry), annual and individual months' rainfall amounts of Kinshasa and Bas-Congo in DRC; (b) investigating and quantifying the temporal trends and their spatial variations. The spatial and temporal characteristics of the rainfall should unveil whether there is a correlation of the rainfall at the various stations and whether it is spatially independent or dependent. The results of this study would be useful in choosing the appropriate aggregation approaches for subsequent hydrological modelling studies. Furthermore, the study will provide a database for ongoing and future studies as well as for those responsible for water resources planning, management and agriculture in the country and the region. Therefore, this study contributes to the body of knowledge of regional rainfall under present and changing climate conditions in Africa.
2 Data and analysis method
Study area
The DRC covers an area of 2 345 000 km 2 . It extends to both sides of the Equator between latitudes 5°21′N and 13°27′S and longitudes 12°15′E and 31°25′E. It has common borders with: Central Africa Republic, Sudan, Uganda, Rwanda, Burundi, Tanzania, Zambia, Angola, and the Republic of Congo. DRC alone accounts for an estimated 23% of Africa's internal renewable water resources. The DRC constitutes 11 provinces, namely Equateur, Province Orientale, Nord-Kivu, Maniema, Sud-Kivu, Katanga, Kasaï Oriental, Kasaï Occidental, Bas-Congo, Bandundu and Kinshasa, of which Bas-Congo and Kinshasa account for 0.42 and 2.3%, respectively of the country's total area. Bas-Congo and Kinshasa are located in the extreme west of the country, lying between 3.9°S and 6°S, and longitude 12°E and 17°E (Fig. 1) . The study area, Bas-Congo and Kinshasa, is limited by Congo-Brazzaville, Angola, Bandundu province and the Atlantic Ocean in the north, south, east and west, respectively (Fig. 1) .
The annual average temperature varies between 24 and 26°C while extremes range from 30 to 35°C in the Central basin, and from 15 to 20°C in the highlands of tropical and mountainous climates. The annual average precipitations vary between 800 mm at the littoral zone (Province of Bas-Congo) to 1500 mm in Kinshasa. With a mean flow of 41 000 m 3 /s at Kinshasa, the Congo River boasts the largest discharge volume in Africa (1260 km 3 ), equivalent to 15-times the mean annual runoff of the Nile River and second in the world after the Amazon River. The Congo's catchment area of 3.7 million km 2 is the largest in Africa and its length of 4700 km is second only to the Nile.
Data sets
Monthly rainfall data for the period between 1961 and 2006 at six stations used for this study were obtained from the DRC Meteorological Services Department. The six stations are the only rainfall gauges in BasCongo and Kinshasa, and have important length of data records compared to other rainfall stations in DRC. Table 1 gives some descriptive statistics of the rainfall stations used, including their location, elevation, mean annual rainfall, standard deviation, kurtosis and skewness. The data were analysed at annual, seasonal (wet and dry), monthly and individual month timescales.
Materials and methods
The study analysed the spatial and temporal variability of accumulated rainfall in Bas-Congo and Kinshasa. The accumulated rainfall data were analysed at different timescales, namely annual, wet season (OctoberApril), dry season (May-September), monthly and individual month timescales.
Spatial variability
The spatial correlation function is used to analyse the spatial rainfall variability. The spatial correlation is Figure 1 . Location of the study area.
based on cross-products of the deviations from the mean and calculated for n observations on rainfall variable x at stations i, j (Moran 1950) :
where x is the mean rainfall, w ij is spatial weight between i and j and S 0 is the aggregation of all spatial weights:
The correlation function assumes that two datasets for stations that are closer to each other should exhibit stronger correlation. Also, the correlation function is homogenous and isotropic in the area, and hence is a function of the inter-station distance. Depending on the nature of the underlying generation process, the correlation may or may not decrease with distance. The total number of pairs of correlations was estimated as: n (n − 1)/2 with n the total number of rainfall gauges used. Due to the small number of rainfall gauges (n), a total of 15 pairs of correlation and corresponding interstation distances were used in this study. The maximum inter-station distance was 380.3 km between Moanda and N'djili, located in the extreme west and east of the study area, respectively.
Temporal variability
As recommended by Lettenmaier et al. (1994) and De Luís et al. (2000) , the temporal variability and the rainfall heterogeity were assessed based on the MannKendall (MK) test statistic and the PCI, respectively:
where P i is the monthly rainfall (mm). PCI values <10 indicate uniform monthly rainfall distribution, whilst those between 11 and 20 suggest high monthly concentration and those over 20 indicate very high monthly concentration. The non-parametric MK test statistic (Mann 1945 , Kendall 1975 ) is used to assess trends in meteorological data. The MK test is recommended for non-normally distributed data series such as rainfall (Lettenmaier et al. 1994) and has been widely used in trend detection (Kampata et al. 2008 , Kizza et al. 2009 , Ngongondo et al. 2011 . This test allows investigation of long-term trends of data without assuming any particular distribution and it is less influenced by outliers in the dataset as it is non-parametric (WMO, 1988) . Statistical significance of the trends is evaluated at the 5% level of significance against the null hypothesis that there is no trend in the analysed variable.
The test statistic S of the MK test is defined as follows:
where n is the data record length, x i and x j are the sequential data values. For n ≥ 10, the test statistic S is approximately normally distributed with the mean and variance given by:
In this study, the MK test was applied to evaluate the temporal variability of rainfall at the following scales: annual, monthly, wet and dry season (October to April and May to September, respectively) and individual month. The coefficient of variance (CV) is also determined. The slope of the trends was quantified by a linear regression model in the form:
where y is the rainfall amount (mm), x is the number of years of the series (end year -start year), m is the slope of the trend (mm/year) indicating the detected change, and c is a regression coefficient.
Results and discussion

Spatial variability
The spatial rainfall correlation in the study area was varied at all timescales of which monthly and dry season had highest spatial correlation. Figure 2 illustrates the spatial rainfall correlation for annual, monthly, seasonal (wet and dry), October (highest spatial correlation) and July (lowest spatial correlation). The dry season series had the highest average inter-station correlation of +0.63, followed by the monthly rainfall series with an average interstation correlation of +0.58. In the individual months' series, October had the highest average inter-station correlation of +0.22, while the lowest average inter-station correlation of +0.049 was detected in July. There is evidence that spatial correlations decline with distance (Table 2) , especially after 30 km. However the dry season and the monthly series showed highest correlation even at large distances. These series had maximum spatial correlations of +0.89 and +0.85, and minimum of +0.45 and 0.44, respectively. This implies that rainfall in Kinshasa and Bas-Congo varies considerably within high distances during dry season and monthly in general, and has to be taken into account for rainfed agricultural management and for sustainable water resources planning. Furthermore, all inter- station averaged correlations were positive despite the occurrence of some negative inter-station correlations. In addition, it was established that there was high correlation between Binza and N'djili rainfall stations, which affected the average correlation. Both rainfall stations, Binza and N'djili, were located in Kinshasa, separated by a distance of 20.93 km, and are at altitudes of 341 and 303 m, respectively, and possibly experienced similar rainfall generation conditions. According to Jackson (1974) , the increases in spatial correlation can sometimes be a result of the occurrence of storm centres at constant distances apart within a general area of rain in a month.
Temporal variability
4.2.1 Rainfall regime 4.2.1.1 Annual rainfall series. The mean annual rainfall of Kinshasa and Bas-Congo was 1130.69 mm with mean inter-annual variability of 25%. The highest and lowest annual rainfalls were observed at N'djili and Matadi rainfall stations, respectively (Table 3) . CVs above 30%. Due to CVs above 30% at Moanda in Bas-Congo province, there is a need for drought and flood prevention through a sustainable water planning and management approach.
4.2.1.2 Monthly and seasonal rainfall series. N'djili rainfall station again had the highest mean rainfall for monthly, dry season and wet season of about 125.35 mm/month, 38.19 mm/month and 187.61 mm/month, respectively, whilst Matadi had the lowest rainfall of 70.47 mm/month and 109.49 mm/month for monthly and wet season, a difference of 43.8% and 41.6%. The mean rainfall for the dry season was 13.34 mm/month, observed at Inga rainfall station. In terms of individual months, November accounted for the highest mean rainfall of 186.28 mm with a CV of 53.59%. Most rains were concentrated in the months of November, February, March and April, whilst lowest mean rainfalls occurred in the dry season in the months of June, July and August with values of CV over 190% (Table 3) . June, July and August are the driest months for both Kinshasa and Bas-Congo, with a mean rainfall of 2.64 mm. However, Kinshasa had the highest monthly average rainfall of 182.9 mm during the wet season with CV of 88.2%.
Precipitation concentration index (PCI).
There were no stations with stable monthly rainfall regimes (mean PCI < 10%), the mean PCI varies between 14.2 and 21.9% (Table 4) . This is an indication that intra-annual rainfall distribution was highly variable both temporally and spatially.
Two stations, Moanda and Matadi in Bas-Congo, had very high monthly rainfall concentrations, with mean PCI of 21.9 and 20.5%, respectively. The other stations had mean PCIs between 14.2 and 17.1%. According to Ngongondo et al. (2011) , rainfall stations with lower concentration indices (PCIs) have relatively the highest mean annual rainfall. For this study, Moanda station had the highest PCI and high mean annual rainfall compared to Boma and Matadi stations which had lower PCI (Table 4 ). The high mean annual rainfall at Moanda station might be as a result of orographic rainfall, given that Moanda station is located at an altitude of 573 m. Excluding Moanda station, stations with the highest mean annual rainfall had relatively lower concentration indices, e.g., Binza and N'djili in Kinshasa, whilst those with the highest concentration indices also had higher rainfall variability.
Assessment of trends in rainfall dataset
The assessment of trends was evaluated using the MK test for the annual, monthly and seasonal rainfall series. The Sen's slope indicates whether the trend is increasing or decreasing; a value of Sen's slope close or equal to zero means that the trend is lesser. Tables 5 and 6 present the results of trends.
Annual series.
Annual rainfall series showed temporal trends, which were characterised by negative and positive trends for three stations respectively (Table 5 ). Matadi and Binza stations had high significant negative and positive trends, respectively, at 5%. From the average of the linear, Bas-Congo and Kinshasa had an average rate of change of −0.92 and +4.59 mm/year, respectively (Table 6) ; Kinshasa experienced increase of rainfall that might be a consequence of climate change and variability.
4.2.2.2
Monthly and seasonal series. Lesser trends dominated rainfall series at monthly, dry season for all stations, with Sen's slope of 0, whilst wet season series were dominated by positive trends and had significant positive trends at 5% significant level (Table 5 ). The rates of change of the monthly and dry season were 0.0% for both Bas-Congo and Kinshasa provinces. However, there was a slight increase in rainfall of +0.09 mm/month for 0  6  4  2  January  3  3  0  3  3  February  2  3  0  3  3  March  3  1  2  5  1  April  4  2  0  4  2  May  2  3  1  3  3  June  0  2  4  0  6  July  0  2  4  2  4  August  2  1  3  3  3  September  3  3  0  3  3  October  3  3  0  3  3  November  4  2  0  4  2  December  1  4  1  2  4 Kinshasa and a decrease of −0.04 mm/month for BasCongo at wet season timescale.
4.2.2.3
Individual months' series. Various trends were shown by each of the 12 subseries of the individual months from January to December (Table 5) . Positive trends, not significant at the 5% significance level, were dominant for most of the months. Negative trends were, however, found for the months of April and November in four stations, with negative trends and significant negative trends, respectively. April and November are the peak months of the rain season. Based on the slope of the linear trends, rates of change of rainfall for the individual months were increased for Kinshasa province especially during wet season (January, February, October, November and December), whilst rates of change in Bas-Congo province were decreased in most of the months (January, April, May, August, September, October and November) (Table 6 ). In Bas-Congo and Kinshasa, there was a decrease in rainfall rates in the peak months of the rain season, April and November, which might be a result of climate change and variability. The peak month of rain might shift to December for both Bas-Congo and Kinshasa.
Conclusion
This study investigated the spatial and temporal characteristics of rainfall of Kinshasa and Bas-Congo in DRC. We highlight the following key points from the results of the study after the analysis:
• Serial correlations for the monthly series, i.e. month-to-month series, were high. These series clearly showed a sinusoidal repetitive annual pattern at all observation stations owing to the seasonality of the climate.
• The high spatial correlations in the month-tomonth series can therefore be attributed to similar rainfall generation systems throughout the year.
• Spatially, strong correlations at distances <30 km were found for the annual totals, seasonal totals (wet and dry) and the individual months' totals. All series showed an abrupt decline in spatial correlation after the first 30 km. The results agree with studies in similar tropical settings by Ngongondo et al. (2011) and Jackson (1972) for Tanzania.
• Kinshasa experienced an increase in rainfall of +4.59 mm/year and +0.09 mm/month, whilst rainfall decreased by −0.92 mm/year and −0.04 mm/month in Bas-Congo. Moreover, for both provinces, Bas-Congo and Kinshasa, there was a decrease of rainfall rates in the peak months of the rain season, April and November. The decrease and increase of rainfall might be a consequence of climate change in the country.
• The negative and positive trends identified agree with studies by Kampata et al. (2008) in the headwaters of the Zambezi River and Batisani and Yarnal (2010) for Botswana to the southwest of Malawi. Most of the months were dominated by positive trends, whilst the months of April and November exhibited significant negative trends. Furthermore, monthly rainfall concentration (PCI) of the study area had increased, indicating increased variability within a year. However, those with the highest concentration indices also had higher inter-annual variability. The results of this paper will be helpful for efficient water resources planning and management under different climatic conditions. Furthermore, sub-regions should be separately considered in the watershed planning process to mitigate the adverse impacts of future extreme drought or flood occurrences.
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